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H
ow

	does	quad	nonlinearity,	field	errors	and	m
isalignm

ent	alter	effects	of	
electric	field	and	pitch?	
	H
ow

	large	are	those	effects?	
	Can	w

e	correct	for	those	effects?	
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Linearity	

E-field	correction	
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Effect	of	nonlinearities	
Q
uad	E-	field	rolls	off	at	large	displacem

ent	vanishing	at	the	plates.	
• 

Effective	defocusing	is	reduced	for	large	am
plitudes	

• 
H
orizontal	betatron	tune	increases	(quad	index	decreases)	

• 
A
nd	the	effective	dispersion	(η

)	decreases	

Reducing	the	E-field	shift	of	ω
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Reducing	the	pitch	correction	for	large	am
plitudes	
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In	addition	to	nonlinearity	
	• 

V
oltage	errors	on	individual	quad	plates	can	distort	closed	orbit,										

and,	η
	and	β

• 
M
isalignm

ent	of	quad	plates	can	distort	closed	orbit,	introduce	
additional	nonlinearity,	alter	focusing	
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r i
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Q
uantify	im

pact	of	nonlinearity,	field	and	alignm
ent	errors	w

ith	sim
ulation	

		• 
Establish	integration	along	trajectory	as	proxy	for	spin	phase	advance	

• 
Com

pute	dependence	of	E-field	and	pitch	corrections	on										and			
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Is	integration	a	reliable	m
easure	of	the	contributions	from

	E-field	and	pitch?	



4/29/2019	
D
.	Rubin												E-field/Pitch	Review

	

-0
.9

-0
.8

-0
.7

-0
.6

-0
.5

-0
.4

-0
.3

-0
.2

-0
.1  0-4

0
-3

0
-2

0
-1

0
 0

 1
0

 2
0

 3
0

 4
0

gm2/mytest/spin_test.gnu

sp
in

_test_sin
g
le_p

late_ref2
�

y =
2
0
.7

2
7
0

Q
y =

0
.3

3
7
0

�
=

8
.0

4
5
1

fa (0
)=

2
.2

9
0
7
8
3
7
e+

0
5

Cp [ppm]

y [m
m

]

on
 m

om
en

tu
m

, p
itch

Sat Apr 27 18:11:16 2019

sp
in

 trackin
g

8	

Spin	tracking	using	BM
T	

Pitch	correction	vs	vertical	am
plitude	



4/29/2019	
D
.	Rubin												E-field/Pitch	Review

	

-0
.9

-0
.8

-0
.7

-0
.6

-0
.5

-0
.4

-0
.3

-0
.2

-0
.1  0-4

0
-3

0
-2

0
-1

0
 0

 1
0

 2
0

 3
0

 4
0

gm2/mytest/spin_test.gnu

s
p
in

_
te

s
t_

s
in

g
le

_
p
la

te
_
re

f2
�

y =
2
0
.7

2
7
0

Q
y =

0
.3

3
7
0

�
=

8
.0

4
5
1

fa
(0

)=
2
.2

9
0
7
8
3
7
e
+

0
5

Cp [ppm]

y
 [m

m
]

o
n
 m

o
m

e
n
tu

m
, p

itc
h

Sat Apr 27 18:11:16 2019

s
p
in

 tra
c
k
in

g
<

(�
·B

)�
>

9	

Spin	tracking	
Integration	 ~�

·
~B

<latexit sha1_base64="7moUH0SV6YwHeLBJFz6EbUtvrbc=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5hRQY9BLx4jmAUyQ+jpVJImPQvdNYEYgr/ixYMiXv0Pb/6NPckcNPFBwev3quiqFyRSaHScb6uwsrq2vlHcLG1t7+zu2fsHDR2nikOdxzJWrYBpkCKCOgqU0EoUsDCQ0AyGt5nfHIHSIo4ecJyAH7J+JHqCMzRSxz7yRsC9AJB5vBtj9qI3HbvsVJwZ6DJxc1ImOWod+8vrxjwNIUIumdZt10nQnzCFgkuYlrxUQ8L4kPWhbWjEQtD+ZLb9lJ4apUt7sTIVIZ2pvycmLNR6HAamM2Q40IteJv7ntVPsXfsTESUpQsTnH/VSSTGmWRS0KxRwlGNDGFfC7Er5gCnG0QRWMiG4iycvk8Z5xb2oOPeX5Wo1j6NIjskJOSMuuSJVckdqpE44eSTP5JW8WU/Wi/VufcxbC1Y+c0j+wPr8AS9alQc=</latexit>



4/29/2019	
D
.	Rubin												E-field/Pitch	Review

	

-1

-0
.9

-0
.8

-0
.7

-0
.6

-0
.5

-0
.4

-0
.3

-0
.2

-0
.1  0-4

0
-3

0
-2

0
-1

0
 0

 1
0

 2
0

 3
0

 4
0

gm2/mytest/spin_test.gnu

s
p
in

_
te

s
t_

s
in

g
le

_
p
la

te
_
re

f2
�

y =
2
0
.7

2
7
0

Q
y =

0
.3

3
7
0

�
=

8
.0

4
5
1

fa
(0

)=
2
.2

9
0
7
8
3
7
e
+

0
5

Cp [ppm]

y
 [m

m
]

o
n
 m

o
m

e
n
tu

m
, p

itc
h

Sat Apr 27 18:11:16 2019

s
p
in

 tra
c
k
in

g
<

(�
·B

)�
>

<
y

0
2
>

/�
2
(0

)/4
)

10	

• 
Spin	tracking	

• 
Integration		

• 
Linear	m

ethod	
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Spin	tracking	
Integration	
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Spin	tracking	
Integration	
Linear	m

ethod	
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Convolution	of	m
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Q
uad	plates	

±2m
m
	

Δ
V
p 	=	±	10%

	V
0 	

Create	configurations	that	span	the	space	of	possibilities	
• 

V
ary	alignm

ent	of	each	of	2X4X4	quad	plates	Δ
x=	±2m

m
,	Δ

y=	±2m
m
	

• 
V
ary	voltage	on	each	of	32	quad	plates	Δ

V
p 	=	±	10%

	V
0	

					Note	that	both	m
isalignm

ent	and	voltage	errors	enhance	nonlinearities	
• 

V
ary	radial	m

agnetic	field	Δ
B
r 	=	±20	ppm

	
					

Δ
B
r 	=	±20	ppm

	

Explore	effect	of	field	and	alignm
ent	errors	and	nonlinearity	

	

16	



4/29/2019	
D
.	Rubin												E-field/Pitch	Review

	

The	corrections	depend	on	
• 

P(y)		and	C
p (y)		for	pitch	

• 
P(x

e )	and	C
e (x

e )	for	E-field	
	A
nd	all	four	quantities	depend	on	the	configuration.	

For	each	configuration	
• 

Track	through	injection	channel	into	ring	to	generate	‘realistic’	distribution	
• 

Kicker	B=175	G
	

• 
Q
uads	at	18.3	kV

	
• 

Q
uad	scrape	13.1kV

	->	18.3kV
	

• 
M
uon	decay	is	turned	on	

• 
Com

pute	Cp	and	Ce	(by	integration	along	trajectory)	for	each	m
uon	

• 
Include	all	m

uons	that	decay	at	t	>	35	us	

17	
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For	each	configuration		
• 

Com
pute	‘real’	average	C

p 	and	C
e 	of	all	trajectories	

• 
Convolute	sim

ulated	distributions	of	x
e 	and	y

		 w
ith	

C
p (y)	and	C

e (x
e )	of	the	reference	configuration	

The	convolution	represents	our	‘m
easurem

ent’	
	Discrepancy	betw

een	the	‘m
easurem

ent’	and	the	‘real’	
C
p 	and	C

e 	is	the	uncertainty	due	to	alignm
ent	and	field	

errors	and	nonlinearity.	
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ing	quad	index	is	m
easured	
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Sum
m
ary	

• 
Error	in	estim

ation	of	contribution	to	w
a	from

	pitch	due	to	
field	errors	and	m

isalignm
ent	is	<		5	ppb	

• 
Error	in	estim

ate	from
	E-field		

		For	alignm
ent	errors	of	±2m

m
	and	voltage	errors	of	±	10%

	
	A
lignm

ent	uncertainty	from
	survey	<	±	1m

m
	

V
oltage	error	expected	to	be	<	5%
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N
ext	step	

	G
enerate	a	‘com

plete’	set	of	configurations	based	on	m
easured	uncertainties	

and	evaluate	errors	in	determ
ining	C

e 	and	C
p	

	To	set	conservative	bounds	on	effects	of	field	errors,	and	m
isalignm

ent		
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Q
uantify	im

pact	of	nonlinearity,	field	and	alignm
ent	errors	w

ith	sim
ulation	

	• 
Establish	integration	along	trajectory	as	proxy	for	spin	phase	advance	

• 
Introduce	field	and	alignm

ent	errors	into	m
odel	

• 
Track	‘realistic’	distribution	and	com

pute	pitch	and	E-field	corrections	
for	every	m

uon.		
Note	that	the	field	and	alignm

ent	errors	effect	the	distribution	as	w
ell	

as	the	correction	for	each	trajectory.	
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3	w
ays	to	com

pute	pitch	correction	in	sim
ulation	

	• 
Spin	tracking	– Includes	everything,	but	ppb	precision	requires	m

any	turns	

• 
Integration	along	trajectory	–	very	good	approxim

ation	far	from
	resonances	

	• 
M
easurem

ent	of	vertical	am
plitude	– assum

es	quad	linearity	
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E	field	correction	

3	w
ays	to	com

pute	E-field	contribution	to	
1. 

Spin	tracking		(BM
T	equation)	

2. 
Integration	

a) 
Integration	along	trajectory	(includes	betatron	oscillations)		

b) 
Integration	along	closed	orbit	(																	)	

!
a
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Com
pare	the	3	m

ethods	in	sim
ulation	to	determ

ine		
1. 

If	integration	is	a	reliable	proxy	for	spin	tracking	
2. 

The	size	of	the	contribution	from
	finite	betatron	oscillation	am

plitude	
3. 

Effect	of	quad	nonlinearity			
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																along	the	trajectory	is	very	nearly	the	sam
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the	closed	orbit.	(There	is	little	dependence	on	betatron	am
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h�
⇥

E
i

<latexit sha1_base64="BQvrsQyB/35vKhvrvSfBpCdUFt4=">AAACCnicbVA9SwNBEN3zM4lfpzaCzaoIVuFOC1MGRbCMYDSQC2FvMxcX9/aO3TkhHgE7G/+KTQpFbP0FdoI/xs1H4deDgcd7M8zMC1MpDHrehzM1PTM7N18olhYWl5ZX3NW1C5NkmkOdJzLRjZAZkEJBHQVKaKQaWBxKuAyvj4f+5Q1oIxJ1jr0UWjHrKhEJztBKbXcrkEx1JdA8CKMgBGQBihgMPekHeuS03R2v7I1A/xJ/QnaqG7efxbvBUa3tvgedhGcxKOSSGdP0vRRbOdMouIR+KcgMpIxfsy40LVXMrmvlo1f6dNcqHRol2pZCOlK/T+QsNqYXh7YzZnhlfntD8T+vmWFUaeVCpRmC4uNFUSYpJnSYC+0IDRxlzxLGtbC3Un7FNONo0yvZEPzfL/8lF/tl/6Dsndk0KmSMAtkk22SP+OSQVMkpqZE64eSePJIn8uw8OAPnxXkdt045k5l18gPO2xeg1J3P</latexit>

41	



4/29/2019	
D
.	Rubin												E-field/Pitch	Review

	

-1  0  1  2  3  4  5

 0
 5

 10
 15

 20

�p/p =
 0.2%

radial displacement [cm]

turns

x�  =
 0

x�  =
 2.2cm

42	



4/29/2019	
D
.	Rubin												E-field/Pitch	Review

	

-1.8
-1.6
-1.4
-1.2 -1
-0.8
-0.6
-0.4
-0.2  0
 0.2-0.25

-0.2
-0.15

-0.1
-0.05

 0
 0.05

 0.1
 0.15

 0.2
 0.25 gm2/mytest/spin_test_e_p/spin_e_p_18-3.gnu

Ce [ppm]

M
om

entum
 o�set [%

]

E-�eld contribution - 35k turns

Wed Feb 06 16:52:53 2019

spin tracking 
<
�XE>

 along trajectory
<
�XE>

 along closed orbit
�

2 n(n-1)(��/R
0 ) 2

The	calculation	of	the	E-field	correction	that	assum
es	quad	linearity,	overestim

ates	the	effect	
at	large	m

om
entum

	offset	(w
here	E-field	does	not	increase	linearly	w

ith	displacem
ent)	
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Com
m
ents	

• 
Q
uad	fields	are	based	on	an	azim

uthal	slice	of	3-D
	field	m

ap	
w
ith	no	end	effect	details	

• 
A
nd	perfect	relative	alignm

ent	of	plates	and	absolute	
alignm

ent	about	m
agic	radius		

• 
Perfect	B-field	

	M
easurem

ent	of	am
plitude/m

om
entum

	dependence	of	tunes	
w
ould	be	very	useful	to	diagnose	quad	fields	and	com

pensate	
nonlinearities.	
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